Abstract This paper discusses the results of the improvement in compaction, consolidation and shear strength parameters of soft clay when stabilised with burnt ash additives those derived from a furnace in the thermal power industry. Different combinations of soil-ash mixtures are prepared with the addition of ash in the range of 10-40 % by weight of soil to arrive the optimum dosage of ash which one exhibiting maximum UCS. Herein the ash additives including both the fly ash and bottom ashes are used as the stabilising agents. The influence of curing time is also studied on UCS strength property of various soil combinations. Results indicate that the stabilisation of soft clay with ash additives is improving the UCS up to certain level of ash amounts, and further the strength is decreased. The strength of soil-fly ash mixture is much more than the strength of soil-bottom ash mixture, and it was found to be 4.86 times the strength of soft clay. The mixing of ash additives in the soil could lead to speed up the time required to consolidate the clay soil and become more permeable.
Introduction
For structures that involve relatively light to moderate loads that are distributed over large areas, the costs associated with the use of deep foundations to bypass soft clay layers may be very high. In such cases, soil stabilisation has been successfully used to improve the mechanical properties of the soft clay. The uncontrollable usage of non-renewable natural material and the production of waste from human activities have resulted in negative impact on the earth. The utilization of by-products or waste in the construction industry is one of the methods to achieve sustainable development. According to Muhardi et al. [1] , the power plant companies posed social and environmental problems to the society because of the magnification of disposal areas and the increased disposal expenses to accommodate the by-products that are transferred to end users.
Nowadays, the demand is increasing drastically to produce electricity power from thermal power plants. Each power plant is releasing a huge amount of fly ash and bottom ash as a waste by-product, and it poses difficulties for storing and preventing the environmental pollution. Hence, the present work focuses on utilizing such waste bye product as a stabilizing material to improve the properties of clay soil. Bottom ash is the heavier burnt particle settled on the lower part of a furnace in thermal power plant. It is dark greyish black in colour with sand like texture. Fly ash is the burnt finer material as similar to silt particles. Fly ash exploited in the construction of embankments, roads, reclamation of low-lying areas, fill behind retaining structures, etc. due to its low specific gravity, good drainage, and frictional properties. There are different studies performed on bottom ash as well as fly ash mixed with clay soil as an enormous potential in construction and soil improvement. Several studies were proved that the various geotechnical properties of stabilized clay soils improved after addition of the optimal dosage of fly ash [2] [3] [4] [5] [6] . However, those studies used different types of clay soils, i.e., low plastic to highly expansive clay soils were tested after adding fly ash along with other admixtures. It is observed from the above published papers that the improved geotechnical properties of stabilized clay are also depended on several factors such as the type of clay and fly ash, mixing method, curing time, PI, and other additives along with fly ash. Since 1990, a few studies were performed on clay soil stabilization using bottom ash additive [7] [8] [9] [10] [11] .
Based on the review of previous papers, it was observed that the bottom ash and fly ash mixtures are introduced to strengthen the properties of clay soils; however, the studies are very limited on soft clay stabilization using bottom ash mixtures on the improvement of soil properties.
Material characterisation
Fly ash and bottom ash materials utilized for this study are collected from Ennore thermal power plant, Chennai, India. The clay soil used to stabilise was obtained from the local region of Kunnamangalam of Calicut city in the Kerala state of India. The soil derived was a clayey deposit at the depth of 12 m in already existing open cut well. All the basic geotechnical property tests were performed on untreated clay soil sample according to the Indian standard procedures, and the soil is characterized by the properties listed in Table 1 .
Fly ash with the specific gravity of 2.04 is used for stabilising the soil. The optimum water content of fly ash was found to 24 % corresponding to the maximum dry density of 1.2 g/cm 3 . Fly ash consisting of chemical constituents such as SiO 2 , Al 2 O 3 , Feldspar, and Titanium are in the proportion of 80, 16, 2 and 2 % by weight, respectively. The stabilising material called bottom ash used in this study shows the specific gravity of 2.2. The optimum water content of bottom ash was found to be 48 % corresponding to the maximum dry density of 0.77 g/cm 3 . Bottom ash consisting of chemical constituents such as SiO 2 , Al 2 O 3 , Feldspar, Calcium, Titanium and Iron are in the proportion of 79.8, 14, 2, 0.69, 1.6 and 1.9 % by weight, respectively. It indicates that the effective 95 % ash material is contained with silica and alumina.
Sample preparation and testing program
Soft clay is mixed with different proportions of ash additives in the range of 10-40 % by dry weight of the soil to make various soil combinations. Each soil combination was tested for its compaction properties to arrive the optimum water content corresponding to maximum dry density level. The test samples for consolidation and UCS were prepared at its maximum dry density level and OMC of each soil combination. A series of consolidation and UCS tests were performed on test samples as per the Indian standard test procedures.
Results and discussion
The compaction properties of all soil combinations are tested to obtain the OMC corresponding to its maximum density level. The influence of burnt ash additives on soft clay stabilisation by improving the consolidation and UCS properties is discussed. The sustainability of UCS with different curing times is also examined to quantify the improvement and proven it as innovative stabilised material. The combined effect of both the fly ash and bottom ash addition to the soft clay is also tested to compare the quantities of improvement by the addition of fly ash and bottom ash alone.
Compaction properties
Soft clay is mixed with four different percentages of ash amounts such as 10, 20, 30 and 40 % by dry weight of the soil to obtain soil-burnt ash mixtures. Fly ash and bottom ashes are used as admixtures to make various soil combinations. Standard Proctor compaction tests were performed on different soil-ash mixtures as per the Indian standard test procedure according to IS: 2720-Part VII. The compaction curves are obtained for various soil-ash mixtures, and the influence of ash addition to the soft clay on OMC and maximum dry density levels is shown in Figs. 1, 2, 3 and 4. Effect of fly ash and bottom ash on compaction properties of soft clay soil is shown in Figs. 1 and 2 respectively. Figure 3 demonstrates the effect of bottom ash in the range of 10-40 % by weight on compaction properties of soil stabilised with 20 % fly ash. Similarly, Fig. 4 indicates the effect of Fly ash in the range of 10-40 % by weight on compaction properties of soil stabilised with 10 % bottom ash. Figures 1, 2, 3 and 4 indicating the compaction parameters of the parent clay correspond to zero ash amounts. The trends are seen that the maximum dry densities are decreased and required optimum water contents are increased with increasing the additives to the soil irrespective of ash material. This trend may be expected due to the replacement of lightweight material which absorbs more water content.
Consolidation properties
The test samples placed in the consolidation ring were prepared at its maximum dry density level and OMC of each soil combination. parameters of the parent clay correspond to zero ash amounts. The similar trend of relations is observed in-between the ash contents and consolidation parameters irrespective of the type of additives. The coefficient of consolidation is increased and the time required for 90 % consolidation is decreased with the addition of ash material to the soil. The increasing trend of c v may be due to the nature of silt and sand size of ash particles which makes the soil more permeable and allows faster drainage and hence accelerate or decrease the time required for 90 % consolidation.
Unconfined compressive strength
The UCS cylindrical test samples of 38 mm 9 76 mm size were cast at its maximum dry density level and OMC of each soil combination. A series of UCS tests were performed on test samples of all soil combinations as per the Indian standard test procedure according to IS: 2720-Part X. Unconfined compression test was repeated in thrice for each test sample to obtain the average maximum strength value. The effect of ash addition to the soft clay on UCS value at 28 days of curing time derived from stress-strain curves made for all test soil samples as shown in Fig. 9 . Figure 9 indicating the UCS of the parent clay corresponds to zero ash amounts. Herein, test soil samples containing soil combinations of soil-fly ash mixtures, soil-bottom ash mixtures, soil stabilised with 20 % fly ash-bottom ash mixtures, and soil stabilised with 10 % bottom ash-fly ash mixtures.
In the case of soil-fly ash mixtures, the unconfined compressive strength is much more than other soil combinations. The figure is indicating 20 % fly ash as an optimal level of fly ash added to the soil corresponding to the highest UCS value of 242 kPa. Beyond 20 % fly ash, the strength may decrease due to loosening the strong matrix between the clay and fly ash particles. Quantitatively, the strength was improved about 4.86 times over the strength of clay soil. The strength of clay has also improved with the addition of bottom ash up to 10 % into the clay soil, and the improved strength is about 3.18 times the strength of the clay soil. Beyond 10 % bottom ash, the strength is drastically decreased with increase in the ash content and the clay lost its original strength after addition of 40 % bottom ash. It may be due to increasing of porous voids and less compressibility of ash particles. The increase in strength is reduced to 0.66 times the strength of soil-fly ash mixture at an optimum level of 20 % fly ash. It may be due to less compressible nature of bottom ash. Figure 9 shows the effect of bottom ash in the range of 10-40 % by weight on UCS properties of soil stabilised with 20 % fly ash. Similarly, Fig. 9 also indicates the effect of Fly ash in the range of 10-40 % by weight on UCS properties of soil stabilised with 10 % bottom ash. Herein, the optimal dosages of fly ash and bottom ashes are fixed at 20 and 10 %, respectively, those arrive after testing on soil-fly ash and soil-bottom ash mixtures. UCS tests were conducted on soil-fly ash-bottom ash mixtures to examine the combined effect of fly ash and bottom ash on strength improvement of clay soil.
It is observed from Fig. 9 that the soil stabilised with 20 % fly ash mixed with bottom ash levels possess the maximum unconfined compression strength of 139 kPa at optimal bottom ash content of 10 %. Quantitatively, the strength was improved about 2.78 times the strength of clay soil. However, the increase in strength of this soil mixture is reduced to 0.57 times the strength of soil stabilised with 20 % fly ash.
It can be seen from Fig. 9 that the soil stabilised with 10 % bottom ash mixed with fly ash levels possess the maximum unconfined compression strength of 152 kPa at optimal fly ash content of 10 %. Quantitatively, the strength was improved about 3.1 times the strength of clay soil. However, the increase in strength of this soil mixture is reduced to 0.62 times the strength of soil stabilised with 20 % fly ash. This result is also indicating that there is no significant effect on the addition of fly ash over the UCS of soil stabilised with 10 % bottom ash.
The sustainability of UCS of different soil-ash mixtures is examined with various curing times as presented in Table 2 . It is manifestly illustrated that the UCS values are increasing with increase in the curing time from 1-28 days in cases of soil-ash mixtures. The increase in strength with curing may be possible due to the strong cementation property of fly ash or bottom ash alone in the presence of continuous moisture. However, the soil stabilised by using both the fly ash and bottom ash additives at 30 and 40 % ash levels, the strength decrease is observed with curing time. It may be due to loosening the cementation effect by the combination of both the fly ash and bottom ashes at high levels in the presence of moisture.
Conclusions
A series of laboratory tests was performed on various soil combinations to study the influence of ash additives on stabilisation of soft clay and the main findings arrived at:
• The coefficient of consolidation is increased and the time required for 90 % consolidation is decreased with the addition of ash material to the soil. The increasing trend of c v may be due to the nature of silt and sand size of ash particles which makes the soil more permeable and allows faster drainage and hence accelerate or decrease the time required for 90 % consolidation.
• The soil stabilised with 20 % fly ash alone is the best soil combination which exhibits the UCS about 4.86 times the strength of clay soil.
• Improved strength in the case of soil stabilised with 10 % bottom ash alone was about 3.18 times the strength of the clay soil. It indicates the increase in strength reduced to 0.66 times the strength of soil stabilised with 20 % fly ash alone. It may be due to less compressible nature and more porous structure of bottom ash.
• The soil stabilised with 20 % fly ash mixed with 10 % bottom ash content possess the UCS about 2.78 times the strength of clay soil. Similarly, the soil stabilised with 10 % bottom ash mixed with 10 % fly ash possess the UCS about 3.1 times the strength of clay soil.
• The combined effect of both the fly ash and bottom ash addition to the soft clay is not efficient when compared to the strength improvement of clay soil by adding either fly ash or bottom ash alone.
• The UCS is increasing with increase in curing time irrespective of all soil-ash mixtures. It may be possible due to the strong cementation property of fly ash or bottom ash alone in the presence of continuous moisture.
In conclusion, fly ash is more efficient in stabilizing the soft ground while comparing with the bottom ash.
